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INVESTIGATIOR OF TURBOJET ENGINE PERFORMANCE AT SPEEDS AND GAS TEMPERA-
TURES ABOVE RATED USING TURBINE-BLADE EXTERNAL WATER-SPRAY
COOLING FROM STATIONARY INJECTION ORIFICES

By John C. Freche and Roy A. McKinnon

SUMMARY

As another phase of an investigation of external water-spray cool-
ing of turbine rotor blades, & turbojet engine with a centrifugsl-riow
compressor which permitted overspeed, overtemperature operation was mod-
ified for spray cooling. A stationary water-injection configuration
which consisted of two large (0.200-in. diam.) and two small (0.052-in.
diam.) stationary orifices located in the inner ring of the stator dia-
phragm near the stator blade trailing edges was used. The effective-
ness of spray cooling as a method which permits operatlon at overspeed,
overtemperature condltlons with this engine was Iinvestigated and the
overspeed, overtempersture performance was obtained.

Operation with spray cooling was conducted over a range of speeds
from rated (11,750 rpm) to approximately 107 percent rated and turbine
inlet-gas temperstures up to 2000° F. At approximately 107 percent rated
speed, 1940° F inlet-gas temperature, and a coolant-to-gas flow ratio of
0.029 (9070 1b of coolant/hr), both the blade root and midspan were ap-
parently cooled satisfactorily. The average blade root tempersture was
sbout 200° F with a meximm temperature difference of 100° F exlsting
between the blade leading and trailing edges. The average midspan tem-
perature was approximately 600° F, and the maximum temperature difference
between the lesding esnd trailing edges was sbout 400° F. Substantial
chordwise temperature differences, spproximstely 1000° F, occurred at
the blade tip, between the midchord and the trailing edge. Seversl rotor
blade fallures occurred near the tip which could be attributed to thermal
stresses induced by these temperature differences. The failures indi-
cated the need for more uniform cooling at the blade tip, although the
injection configurstion employed may be satisfactory for limited eppli-
cation and appears promlsing for blades of shorter span.

HUNCLASSIFIED
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Substantial thrust increases over the rated thrust condition were
realized. At 107 percent rated speed and ZOOOO F inlet-gas tempersture,
the engine thrust obtained wass 20 percent ahbove rated. At the same op-~
erating point the specific fuel consumption was 21 percent sbove rated.
Introduction of water into the gas stream at the turbine rotor inlet up
to a coolant-to-gas flow ratio of 0.029 and overspeed, overtemperature
operation apparently 4id not adversely affect turbine performance for
this engine.

INTRODUCTION

Water-spray cooling of turbine roftor bledes is being investigsated
at the NACA ILewls laboratory as a mesns of externally cooling the blade
surfaces to permit turbine operation at eleveied stress and tempersture
levels in order to provide increases in thrust for brief intervals. In
the spray cooling process, a liquid is injected into the hot gas stream
upstream of the turbine rotor and the liquld droplets are transferred by
the gas stream ontc the rotor blade surfaces where boiling occurs. The
procese thus utilizes the latent heat of vaporization of the liguid to
cool the blades.

Several factors must be taken into consideration before spray cool-
ing may be applied to an aircraft turbine engine installation. These
are;

1. If spray cooling is to be of value, the turbine must be operated
st gas temperatures and speeds gbove rated so that thrust increases may
be realized (ref. 1).

2. Turbine operation over a range of gas temperstures sbove rated
at a specific overspeed point requires a substantial operating mergin
between the compressor operating point and the compressgor surge reglon,
8 design .factor which determines whether a particuler engine should be
considered for a spray cooling application.

3. Turbine operation at speeds gbove design also requires that the
turbine disk and compressor can safely withstand the elevated stress
levels.,

4. Bince the coclant is expended in the gas stream, spray coolling
1s restricted to periods of short duration, such as take~off, climb, or

combat mamiever.

5. The rotor hlade material must be eble to wlthstand thermal shock
and stresses induced by the sudden impingement of water spreys upon
heated rotor blade surfaces.
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An anslyticel and experimental investigastion of water-sprsy cooling
was made in reference 1. The analyticsl refults indlcated large poten-
tial gains in thrust 1f water-spray cooling could edequately cool the
turbine rotor blades so that turbine operation at speeds up to 10 per-~
cent overspeed and at inlet-gas temperatures up to 2000° F could be tol-
erated. The analysis also .indicated that if compressor water injection
is employed at simllexr overspeed, overtemperature conditions together
with spray coollng, still greater thrust increeses would be possible,
but the total liquid consumption would be comsidersbly higher. The ex-
perimental results showed that the water-injection configurations em-
ployed for spray cooling produced large blade chordwise temperature dif-
ferences, which mey have been the cause of blade failures encountered at
rated engine speed.

In reference 2 the results of an experimental investigation of
water-sprey cooling at rated engine speed are compared for several water
injection configurations designed to improve the rotor blade temperature
distributions observed 1n the investigation of reference 1. ILarge chord-
wise tempereture differences were ellminated at the root and midspan
blade sections with the use of the most favorable type of injection con-
figuration described in reference 2. Use of this injection configura-
tion resulted in a chordwise tempersture difference of 100° F between
the blade leading and tralling edges at the midspan and in an average
blade midspan temperature of ebout 300° F at rated engine speed (11,500
rpm), & turbine lnlet-gas temperature of ebout 1570° F, and a coolant-
to-gas flow ratio of 0.0278 (7600 1lb water/hr). The investigation of
reference 2 was restricted to rated englne speed operation beceuse of
the mechanical strength limitations of the compressor.

An investigatlon was conducted with & later model engine which had
a compressor that permitted overspeed, overtemperature operation to
illustrate experimentelly the turbine stress and gas ftemperature levels
permissible with water-spray cooling. The ecagine was modified for spray
cooling utilizing the most favoreble type of injection configuration de-
scribed in reference 2, and the results of this investigation are pre-
sented herein. The engline was operated over a range of speeds from rated
(11,750 rpm) to 107 percent of rated and & range of turbine inlet-gas
temperatures from 1566° to 2000° F with an approximstely constent coolant-
to-gas flow ratio of 0.029. At epproximastely rated engine conditions the
coolant-to-gas flow ratic was varied from 0.015 to 0.03L., Cooling-system,
Yurbine, and engine performance were obtained over the range of engine
operating conditions specified.

APPARATUS AND INSTRUMENTATTION

A centrifugel-flow turbojet engine was modified for operatlon with
external water-spray cooling. The test installation waes similar to that
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described in reference 2 except that a later model engine was employed
and additional instrumentation wes used to permit evaluation of turbine
performance.

Apparstus

Engine. - The engine had a double-entry centrifugal-~flow compressor,
14 cylindrical combustion chambers, and a single-stage turbine. The com-
pressor in this engine was sufficlently strong to permit overspeed oper-
ation. The compressor air flow cheracteristics were such that a suffi-
cient margin existed between the engine operating line and the surge
region to permit a range of overtempereture opersting points at-each
overgpeed coudition. The turbine rotor blades were made of S-81l6 alloy
and hed & nominal span of 4.25 inches. The nominal military rating of
the engine was 4600 pounds of thrust with a rotor speed of 11,750 rpm
and a tail-pipe gas temperature of 1265° F.at Bea-level, zZero-ram
conditions.

3425

Engine installation. - The engine installation is illustrated in
figure 1. A swinging frame engine mount suspended from the test cell .
ceiling was provided. The engine teil pipe extended through = diaphragm-
type seal in the wall between the test cell and the sound-muffling cham-
ber. A null-iype air-pressure diaphragm was provided to balance and “
measure engine thrust. Engine inlet air was ducted from the atmosphere
into the test cell through two 18-inch-dismeter venturl meters. A
clamshell-type variable-area exhaust nozzle was used to permit adjustment
of tail-pipe temperature independent of engine speed._ Cooling alr from
an external source was directed against the hub on the rear face of the
turbine rotor in order to maintain the blade thermocouple-junction tem-
perature below the melting point of the insuletion employed, as Indicated
In reference 2. Cooling air was also directed against the front face of
the rotor to help reduce the main turbine bearing temperature. A sllp-
ring thermocouple pickup was mounted on the engline accessory case to pro-
vide transition from the rotating thermocouples to the stationary poten-
tiometer. The cooling-air~flow measurements were obtained by means of a
standard flat-plate orifice.

Water-spray injection method. - The engine was modified to provide
an. injection configurstion consisting of two large (0.200-in. dlam.) and
two small (0.052-in. diam.) orifices located in the inner ring of the
stator diaphragm. Figure 2 shows & cutaway view of the engine which il-
lustrates the relative axial position of the injection orifices which
are located near the stator blade tralling edges. The orifices were
spaced equally around the stator ring circumference with orifices of s
equal dlameter located dlametrically opposite each other. Although the
most favorable type of injection configurstion described in reference 2
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was employed in this investigaition, different orifice sizes were used
in order to achieve the high coolant-flow rates desired. City water was
agalin employed as the spray-cooling medium, snd the water supply system
was the same as thet described in reference 1.

Instrumentation

Water coolent and engine fuel measurements. - Water-flow and engine
fuel-flow rates were measured by calibrated rotemeters.

Engine tempersture and pressure meesurements. - Flgure 3 shows the
location of the englne instrumentation stations. The number and type of
Instruments employed et each station sre as follows:

(a) Station O - engine inlet: one static tap and one thermocouple
in gquiescent zone of test cell

(b) Station 1 - compressor inlet: 12 shielded thermocouples fas-
tened to compressor inlet screens; six thermocouples were spaced
epproximately equally around the front screen and six around the
back screen

(c) Station 2 - compressor outlet: +three combination total-pressure
and tobal-temperature probes located upstream of combustlon cham-
bers 4, 9, and 13

(d) station 3 - turbine inlet: three combination total-pressure
and total-temperature probes loceted In the transition sections
between combustion chambers 4, 9, and 13 and the stator disphragm

(e) Station 4 - turbine rotor blades: 22 thermocouples on eight
rotor blades located in 17 positions as shown in figure 4. Ther-
mocouples at the root and tip sections were located 5/8 inch from

the base and tip sections, respectively

(f) Statlion 5 - turbine exit: eight statlic taps, four on the outer
and four on the inner shell of the tail cone located to form a
helix and nominally spaced 1 inch apart both exially and circum~

ferentially

(g) Station 6 - tail pipe: a combination total-pressure, static-
pressure, and thermocouple rake providing 22 total pressures, 10
totel temperatures, and 5 statlc pressures

(n) Station 7 - exhaust-nozzle discharge: three static-pressure
tubes installed in the sound-muffling chamber in the plane of the
exhaust nozzle
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PROCEDURE .

Engine Operation

The complete range of engine operating conditions reported in this
Investigation is presented in teble I. The engine was operated without
cooling over a range of speeds and inlet~-gas temperatures up to rated at
a constant exhaust-nozzle setting which provided the military rated tail-
pipe-gas temperature of 1265° F. The engine was also operated at rated
speed over & range of coolant flows and at overspeed with & constant
coolant-to-gas flow ratio, At each overspeed polnt the exhaust nozzle
was progressively closed from the wide open position untll compressor
surge was encountered. Thus a range of turbine inlet-gas temperatures
was obtained at each speed setting. Mesnusl adjustments of the water
supply pressure provided the varlations in coolant flow necessary to
meintain an. approximately constant coolent-to-gas flow ratio of 0.029.
As in the invesitigations described In references 1 and 2, water sprays
were turned on simultaneously with the engine starts to minimize thermal
shock conditlons in the blades. o

3425

Data Calculations

The calculation procedure for reducing the data obtained in this in-
vestigation to provide seprasy-cooling-process efficiency, turbine rotor
blade stress level, and turbine and engine performance is as follows.

Spray-cooling efficlency. - The. spray-cooling-process efficlency
derived in reference 1 is expressed &as

0.75
=K Tg,e ?gge = TB,av (1)
0.425 W,
TB,a.v 0.75
V3

(A1l symbols are defined in the appendix.) Equation (1) was evaluated
for every operating point wlth sprey cooling for which sufficlent blsede
temperature data were available. In equation (1) the average blede tem-
perature, TB,av’ was taken as the integrated average of the blade midspsn

temperatures. The blade root temperatures were not included because of
thermocouple failures at the root position after several runs. The ef- B
fective gas tempereture, T g,e (average uncooled blade temperature), was

calculated from turbine inlet conditions by the procedure of reference
3 which utilizes the relation
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A = Tgye - Tg:3 - Tgse - Tg;s (2)

" - 2
8,3 Tg; 3 Wz

2ngp

where A 1is taken as 0.886.

Blade stress level calculations. - A procedure was employed that
provided for comparison of the blade operating stress levels at various
overspeed, overtemperature conditions with the alloweble stress values.
The operating blade stress level at any overspeed condition was consid-
ered to be the tensile stress at the blade root and was determined from
the calculated blade centrifugsal load and the blade root cross-sectional
area. The alloweble blade stresses under conditions of spray-coolling
operation were obtained from the average of measured temperatures around
the blade root (available for several runs) and a curve of yileld strength
against temperature for S5-816 elloy. Since it was not safe to operate
the engine at overspeed, overtemperature without spray cooling, temper-
gture data around the blade root could not be measured for the uncooled
case. Consequently, for any designated overtemperature, overspeed con-
dition without ecooling, the value of Tg,e was calculated from equa-

tion (2) and assumed to be equivalent to the average uncooled blade tem-
perature as shown in reference 3. The allowable stress was then cbtained
by employing this temperature and & curve of 100-hour stress-to-rupture
deta against tempereture for S-816 alloy. BStress-to-rupture data rather
than yield strength datae were employed because for the uncooled over-
speed, overtemperature condltion, the calculated blade tempersture always
exceeded the highest temperature (1200° F) for which yield-strength date
were avallable,

Turbine performance. - The turbine performance wes expressed in
terms of corrected specific turbine work and turbine efficiency. Tur-
bine work was assumed equal to compressor work. Consequently, the cor-
rected specific turbine work could be expressed as

AHp Hy - H wy (H) - Bf) (3)
o3 03 w363

In equation (3) the enthalpies at the compressor inlet and outlet were
cbtained from chart I of reference 4 and the temperatures, from an aver-
age of the thermocouples at stations 1 and 2 (fig. 3). The weight flow
at the compressor inlet W, was obtained by the addition of the measure:

air flow through the test cell venturi meters and the test cell leaskage



8 e NACA RM E54G30

a8 determined from & prior calibration. Weight flow at the turbine in-

let Wy Was teken as the sum of the compressor air flow and the fuel

flow and was expressed as

The turbine~inlet temperature Té was redquired to obtaln Gg. This
temperature was determined by solving the following equatlon for the
specific enthalpy H at the. turbine inlet and employing chart IT of

reference 4:
wEy + wgm By = vy (s)

The preceding equation was obtained by trensforming equation (8) of ref-
erence 4 to the nomenclature employed in this report and neglecting the
enthalpy of the entering fuel wgHe. In equation (5) the combustion

efficlency T, Wes considered to be 95 percent, and the heating value
of the fuel Hp, 18,750 Btu per pound.

The turbine adiabatic efficiency waes defined as

_ By - ES s
T T EL-ED ‘ ©)

The procedure for.obtaining Hé has already heen discussed. With a

knowledge of Hé, the term H% may be determined from equation (3).

The term Hé g Vas obtalned by the procedure of reference 4 using the
2 .

turbine total-pressure ratlo Pé/Pé and Ti. The turbine-inlet total

pressure P); was taken to be the average of the total-pressure probe

reedings at station 3 (see fig. 3). The turbine-outlet total pressure
P; was calculated fram continuity and isentroplc relatioms from the

static pressure measured at station 5 (see fig. 3). At this station the
measured static pressures obtained on the outer and Iinner shells of the
tail cone were plotted agelnst thelr axial distance downstream of—the
turbine blades. The value chosen for conversion to totsl pressure was
taken as the average of the inner and outer shell readings at the point
where the pressure level became constant. The area Ag, employed in the
continuity relation was the cross-sectional flow area at the station
‘where the pressure level became constant (station 5). The total tempera-

ture of the gas, corrected for heat loss to the water, Té o was deter-

mlned from the following equation and the charts of referénces 4 and 5:

| 3425
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wgHL - W Co (TBP - TW) - 0.25 w_H__
= H} (7)
Vg 5,c

where

W5 = Ws + Wa (8)

and Hev and TBP

basie of previous experimental experience, 25 percent of the water was
assumed evaporated. The enthalpy values for the water and the vapor
were obtained from reference 5. The injected water was assumed to reduce
the total temperature of the gas at station 5, but was not included in
the total weight flow at that station.

were evaluated at the static pressure P5. On the

Engine performance. - The engine performance was expressed in terms
of corrected thrust, corrected specific fuel comsumption, and engine
temperature retio. The corrected thrust was calculated from the follow-
ing equation:

Zﬁ:&
F_Y'7 _¥s 2r s 1 - <E’.) s (9)
5 B& B \&lg-1) Ps
where
Vg = Wy o+ Wy (10)

The static pressure in the muffler (station 7, fig. 3) rather than the
static pressure at the taill-pipe rake (station 6, fig. 3) was used in
determining the velocity term in equation (9) because station 6 was up-
stream of the exhsust-nozzle exit. No conditions of supercritical pres-
sure ratio were encountered; however, the muffler pressure was higher
than the cell pressure. Since the engine was producing this pressure
difference, it was credited with the added thrust available. The addi-
tional thrust expressed in equation form is

F =4ag (B, - B) (11)

where Ag equals the cross-sectionsl area of the tail pipe (fig. 3).

The thrust increment so obtained was added to that obtained from equa-
tion (9) after spplying the pressure correction for NACA sea-level
standard conditions. Values of thrust obtained as described were com-
pared with the measured values obtained from the null-type sir-pressure
diaphragm.

L
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The second engine performance parameter employed, the corrected

specific fuel consumption, was defined as 3600 Wf/F\/EF. The engine

temperature ratic was defined ss the ratic of the absolute total gas
temperature at the turbine inlet, determined from equetion (5), to the
absolute total alr temperature at the compressor inlet (an average of
the thermocouple-readings at station 1, fig. 3).

RESULTS AND DISCUSSION

Cooling system performance, turbine performance, and engine perform-
ance results are presented and discussed in the_fqllqwing sections.

Cooling System Perfarmance

Blade temperature distributions. - Chordwise temperabure distribu-
tions around the blade root, mldepsn, and tip, obtained with an approx-
imately constant coolant-to-gas flow ratio aof 0.029 at three turbine
speeds, 98, 106, and 107 percent of rated speed (turbine inlet-gas tem-
perstures of 1623°, 18329, and 1940° F, respectively), are presented in
figure 5. Broken lines are used to connect the temperature data points
where an intermediastely located thermocouple had felled. At each span-
wige. station the chordwise temperature distributions follow a different
trend. A virtually flat temperature distribution.occurs gt the root
with no noticeable difference in temperature level for the three speeds.
At 107 percent of rated speed the average blade root temperature is
about 200° F with a maximim temperature différence of 100° F existing
between the blade leading and trailing edges. At the midspan the tem-
Perature curves remain relatively flat except for a dip near the leading
edge. An iIncresse 1n temperature level is also apparent with an in- .
crease in speed. At the condltion of 107 percent rated speed the average
midspan temperature was approx1mately 800° ¥, and the maximum differeuce
between the leading and trailling edge temperatures was @bout 400° F. At
the blade tip a marked deviation from a flat curve 1s apparent with tem-
perature differences of about 1000° F occurring between the midchord and
the trailing edge on both the blade pressure and suction surfaces. In
general, & slight increase in temperature level also occurs with speed
at thie spanwise station. The most significant features of these tem-
perature distributions are (a) the relatively flat nature of the curves
at the highly stressed root and midspan sections and (b) the relatively
sharp increase in temperature between the midchord snd tralling edge at
the blade tip. Condition (b) is also indicated in reference 2.

The necessity for eliminsting chordwise temperature differences at
the highly stressed root and midspen sectlons 1s discussed in detall in
reference 2. The injection configuration employed is spparently satis-
factory at overspeed conditions for the midspan and root sections, since

3425
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no feilures occurred at these locations. The presence of temperature
differences of the magnitude encountered at the blade tip was st f£irst
not considered significant since this portion of the blade is not highly

stressed. After approximstely 7% hours of operation, however, blade

failures of the type shown 1in figure 6 were encountered. The portion of
the blade broken off corresponds to the portion subjected to the large
chordwise temperature differences. The failure sppears to be directly
tracesble to the thermsl stresses introduced in the trailing-edge tip
region. Therefore, although the injection configurastion employed per-
mitted overspeed, overtemperature operatlion and eliminated some of the
high thermal stresses previocusly encountered with spray cooling, the
configuraetion is not entirely satisfactory for the blades of thls engine.
For blades of shorter span, however, the lnjection configuration employed
in this investigation appears promising. Since unfavorable chordwise
temperature differences occurred at the blade tip, inJection from the
outer ring of the stator disphragm or from the tail cone appeared to be
& method of elimineting these differences. " Such injection configurationt
heve been investigated and some of them are described in reference 2.

The results, however, were unsatisfactory in that these temperature 4if-
ferencesg were not substantially reduced.

It should be noted that the 7%-hours elepsed opersting time prilor

to the first blade failure conslsted in large part of overspeed, over-
temperature operation. Since sn slreraft spray-cooling application is
limited to brief intervals, perhasps of 1 minute durastion, the water in-
Jection configuration employed may be satisfactory for limited applics-
tion. The effect on blade l1ife of short periods of spray-cooling oper-
ation with the attendant thermal stresses introduced by chordwise
temperature differences l1s unknown. Consequently, spray cooling with
the type of injection configuration described herein should be applied
with caution. '

Spray~cooling efficiency. - The cooling efficiency ¢ of the in-
Jeetion configuration employed is plotted in figure 7 against a cooling

0.75 m - \
paremeter g.¢ 5TI5E 271 = Byev for the entire engine opersting
P - W /
B,av —_—
’ SRNE

range. The cooling parasmeter represents the experimental evaluation of
the variables on the right side of equation (1). The value of the con-
stant X _in equation (1) was determined in reference 1 and found to be
1.024_-*10"6 at rated engine speed. Since the terms entering into the de-
termination of X (weight flow, heat-transfer coefficient, turbine inlet-
ges temperature, and so Porth) change with engine speed, the constant
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would sppear to have different values for each overspeed considered.
Unpublished calculations performed for this engine for a speed range he-
low rated indicate that the constaent remsined unchanged. The range cov-
ered in these calculations represented a grester increment of speed than
the speed Increase above rated reported herein. On this basis K was
assumed to be constant over the speed range investigeted, and the spray-
cooling-process efficiency was celculsted_saccordingly. In figure 7 it
can be seen that the experimentally evaltiated cooling parameter extended
spproximately from 1.0X10° to 3.0x10°. This range included effective

gas temperstures up to 1720° F and corrected engine speeds up to 107 per-

cent of rated. This represents an effective gas tempersture increase of
approximately 300° F over the experimental limit previously atteined
with this general type-of injection configuration in reference 2,

It should be noted that the hlede temperature and the coolant flow
for a.given injectlon configuration-are releted by the efficiency o.
Since o must be evaluated experimentally for any injection configura-
tion on a given engine, the values presented in figure 7 are not appli-
cable to the design of spray-cooling systems for cther engines. The
efficiency values presented in flgure 7 are, however, indicative of the
efficiency level attainable with thils general type of injection configu-
ration over a wlde range of opersting conditions with this engine.

Blade stress characteristics. - A comparison of the alloweble blade
root stress with spray cooling (ﬁ* Wz = 0.029) and without spray cooling

at various conditions of overtemperature 1s shown in figure 8. BSuper-
imposed are the operating centrifugal stress levels for 100 and 107 per-
cent rated speed, respectively. At approximately rated conditions, ef-
fective gas temperature of 1300° F (inlet-gas tempersture of 1545° F),
the allowable blade root stress is 41,000 pounds per square inch for un-~
cooled blades, which 1s well gbove the rated speed operating stress of
25,700 pounds per square inch. As the effective gas temperature in-
creases from 1300° to 1720° F, the allowasble stress decreases for the
uncooled condition from 41,000 to 9,000 pounds per square inch, which is
well below the 100 percent rated speed operating stress level. At an
effective gas temperature of 1720° F, which is equivalent to a turbine
inlet-gas temperature of 2000° F, the allowable blade ropt stress with
spray cooling is 59,500 pounds per sguare inch, well sbove the opersting
stress level indicated for both 100 and 107 percent rated speed. This
figure graphically illustrates that uncooled operation at gas tempera-
ture levels more than 150° F sbove rated is impossible with the engine
under investligation on the basls of 100 hour stress-to-rupture data for
the blade material. In general, production jet engines are similexrly
designed B0 as to operate nesr the allowsble stress limit of the blade
material. Consequently, to obtaln thrust lncreases by overspeed, over-
temperature operation, a method, whereby spprecisble increases in the
allowable stress 1imlt of the blade material at elevated tempersatures

3425
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can be realized, is required. Spray cooling achieves this aim in part
by drastically reducing the average blade temperature. Although the
average blade temperature is reduced, fallure-lnducing thermsal stresses
are also introduced by spray cooling which are not reflected in s stress
determination such as shown in figure 8.

Turbine Pexrformance

It should be noted that even though this engine was instrumented to
obtain turbine performence data it was not primarily operated in that
manner. As stated previously, the engine was opersasted at a series of
corrected engine speeds with veriegble exhaust-nozzle areas to obtain
thrust data. As a result, none of the conventionel turbine performance
parameters (turbine efficiency, corrected specific work, corrected tip
speed, and pressure ratlo) was held constant. Consequently, the results
could not be produced in the form of a turbine performasnce msp. However,
these parameters were evaluated from the data, and two of them, turbine
adisbetic efficiency and corrected specific work, are llsted in teble I.
Thus the megnitude of these parameters and the variation encountered at
ell conditions of spray-cooled operatlon are indicsted. In order to
provide & comparison with uncooled turbine performsnce at rated operat-
ing conditions, the uncooled turbine efficlency and corrected specific
turbine work at approximately rated conditions were calculated and are
listed in teble I. The adisbatic efficiency for uncooled rasted condi-
tions was determined using the gas measurements at the tail-pipe rake
(station 6, fig. 3) because no instrumentation was aveilable jmmediately
downstream of the turbine (station 5, fig. 3) during the uncooled runs.
This procedure probebly results in a slightly lower efficlency value
than one cobtaingble using pressures immediately downstream of the tur-
bine because whatever pressure losses exist in the tall cone are charged
to the turbine. However, the efficiency value obtained (0.782) is of an
order of magnitude similar to that shown in unpublished data for earlier
models of this engine and gppears valid for qualitative comparison with
the efficlencies obtained at overspeed, overtemperature conditions. The
gpecific turbine work at rated uncooled conditions was determined in the
same manner as the overspeed, overtemperature cooled data becsuse cal-
culation of the corrected specific burbine work was not affected by lack
of knowledge of the gas conditions immediately downstream of the turbine.
The turbine efficiencles obtalined at all conditions of overspeed, over-
temperature operation with spray cooling ranged from 0.757 to 0.793, as
showvn in teble I. Comparison of these values with the uncooled effi-
ciency (0.782) indicates that for this englne no drastic loss in turbine
adiabatic efficiency is experienced as a result of the combinaetion of
water injection at the rotor inlet and overspeed operation. It is also
apparent that the specific work values obtalned at overspeed, over-
temperature with spray cooling are of the same order of megnitude as the
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value obtained at the uncooled rated condition. For this engine the
results Indicate that the comblnation of water injection into the gas
stream at the rotor Inlet and overspeed, overtemperature operation does
not adversely affect turbine performance.

Engine Performence

Uncooled engine performance. - The uncooled engine performance over
e range ¢f corrected engine speeds from idle to epproximately rated is
shown in figure 9. Figure 9(a) shows the variation of engilne thrust
with speed, and figure 9(b) shows the varistion of specific fuel con-
sumption with engine speed. The experimental results obtained in the
present investigation are compared with the military rated values.
Slightly higher than wilitary rated values were obtalned and the dliffer-
ences were less than 5 percent for both thrust and specific fuel consump-
tion. The close agreement indicates that the investigation procedure is
satlsfactory and experimentally establishes base condltlons for compar-
ison with overspeed, overtemperasture results.

The values of thrust shown in the figures of this report were all
calculated from date measurements by the methods discussed previously.
In 811 cases prior comparlson was made between these values and those
measured with the null-~type air-pressure diaphregm. Agreement was good
in all instances, the average variation being approximately 5 percent.

Cooled engine performance. - The engine performance wlth cooling is
illustrated in figures 10 and 11. The corrected engine thrust obtained
at overspeed, overtempersabture conditions with & constant coolant-to-gas
flow ratic of 0,029 is plotted against engine temperature ratio in fig-
ure 10. Individual curves are presented for four carrected englne speed
conditians, 101, 103, 106, and 107 percent of rated. The dotted line
indicates the approximate condition of compressor surge which limits the
meximum ges temperature attainsble at each overspeed condition with this
engine. As indicated by enalysls (ref. 1), gains in thrust result from
higher mass flows and lncreases in gas temperature. The maximum thrust
increase above rated was 20 percent and was obtained at 107 percent of -
rated speed with an englne temperature ratlo of 4.72. The latter value
is equivalent to a turbine inlet-gas temperature of 2000° F with a
compressor=inlel temperature of .60° F. This relatively substantial gain
over the rated condition was obtained at a cost of approximately 18 gal~
lons per mimate of coolant. . . .. . . .

The 20 percent thrust increase obtalned experimentally compares with
an incresse of 32 percent predicted for s similar engine in the analysie
of reference 1. This difference may be explalned by the assumptlions con-
tained in the anslysis. A baesic limitation of the aralytical procedure
was the use of an ldeglized compressor performance map for calculating

3425



1A

NACA RM E54G30 b - 15

thrust at overspeed, overtemperature conditions. In the present case,
portions of the compressor mep were coanstructed from experimental data
obtained at engine overspeed, overtemperature conditions. When the
analytical procedure Of reference 1 and the experimentally determined
portions of the compressor map were employed, calculations of thrust
increase attainsble with this engine were found to agree within 2 per-
cent of the experimentsl values.

The cost in terms of fuel requirements is illustrated in figure 11.
The corrected speclfic fuel consumption for each overspeed condition 1is
plotted ageinst engine temperature ratio. At the maximum operating con-
dition considered the Increase in corrected specific fuel consumption
was 21 percent sbove the rated value. The shapes of the curves are such
that the lowest value of corrected specific fuel consumption does not
occur at the maximum engine temperature ratic. Reference to figure 10
indicates that in some cases very neurly meximum thrust may be obtained
at a given overspeed condition by .operation at less than the maxirmum
engine temperature ratio. It may be advantageous in certain instances
to operate with slightly lower thrust in order to reduce specific fuel
consumption. The data are insufficient to estgblish the optimum thrust
and specific fuel consumption relations at wvarious overspeed conditions
for this engine. The trends of the curves serve to indicate, however,
that it would be advantagecus to determine such relations in any spray-
cooling engine application intended to permit overspeed, overtemperature
operation.

The overspeed, overtemperabure performsnce investigation was lim-
ited to operstion with spray cooling only. A phase of operation with a
combination of compressor weter injection and spray cooling was initi-
ated, but a stator blade burnout occurred early in the test. In view of
this and the sdverse chordwise temperature differences encountered on
the rotor blades at the tip, further operation was deferred pending con-
tinued investigation of methods to eliminete the rotor blade temperature

dlfferences.

SUMMARY OF RESULTS

The following results were obtained from an investigation of water-
spray cooling of turbine rotor blades in a turbojet engine with a
centrifugael-flow compressor which permitted engine operation at speeds
and. gas temperatures gbove rated:

l. At all overspeed, overtempersture conditions the blade root and
midepan were apparently cooled satisfactorily with an injection config-
urstion consisting of two large (0.200~in. diam.) and two smell (0.052-
in. diam.) stationary orifices located in the inner ring of the stator
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diaphragm at wcoolant-to-gas flow ratio of 0.029. "Bubstantisl chord-
wise temperature differenceés, up to 1000° F, occurred at the blade tip
between the midchord and the trailing edge with thie configuration at
the same operating conditions.

2. After 7%-hours of operation several rotor blade failures oc-

curred near the tip which could be attributed to thermal stresses in-
duced by large chordwise temperature differences. These failures indi-
cated the need for pruviding more uniform cooling at the blade tip,
although the injection configuretion employed may be satisfactory for
limited epplication and appears promising for blades of shorter span.

3. Substantial incresses over the rated thrust condition were real-
ized with overspeed, overtempersture operation. At 107 percent rated
speed the engine thrust obteined was 20 percent above rated, and & cor-
responding increase in corrected specific fuel consumption of 21 percent
was noted. . :

4, The combination of the introduction of water into the gas stream
at the turbine rator inlet up to a coolant-to-gas flow ratio of 0.029
and overspeed, overtemperature operstion eppsrently did not adversely
affect turbine performance for this engine.

Lewis Plight Propulsion Leborstory _
Neational Advisory Committee for Aeronautics
Cleveland, Ohlo, August 3, 1954

3425
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APPENDIX - SYMBOLS

The following symbols were used in this report:

A area, sqg £t

¢, specific heat at constent pressure, Btu/ (1b) (°R)

F thrust, 1b

g€  gravitationsl constent, 32.2 ft/sec?

H specific enthalpy, Btu/lb

Ef average heating value of fuel, 18,750 Btu/lb

J mechanicel equivalent of heat, 778.2 ft-1b/Btu

K  constant, (1b/sec)C-25/0rl.225

P pressure, Ib/sq £%

R gas constant, 53.3 £t-1b/(1b)(°R)

T temperature, °R or °F

v absolute velocity, ft/sec

W velocity relative to rotor, ft/sec

W weight flow, lb/sec

T ratio of specific heat at constant pressure to specific heat at
constant volume

o) pressure-correction ratio, P'/Pé

nT turbine adigbatic efficiency

Ty combustion efficiency

(7% =)

=)

6%  temperature-correction ratio,
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A temperature recovery factor e m S e

g spray-cooling~process efficiency

Subscripts:

a cooling air : - . - - : __

av  average 0
o

B blade ' S _ -

BP ' boiling point - ' . L - B S

(o4 corrected for heat loss to the water ™ 77 -

e effective g . S L S . T

ev evaporation - - - - o e e e

f fuel ST ' ST Lo T T M

g gas S ' o A . L L g E

i ideal

8 NACA ses~level standard conditions

W water J e . - -

0-7 englne stations

Superscripts:

J indicates total or stagnatlon conditions absolute

" indicates total conditions relative to rotor
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TABLE I. - RANGE OF OPERATING CONDITIONS

Corrected | Turbine~iniet Coolant-to-gas Turbine Corrected
engine temperature, Té filow ratio, adiabatic epecific
speed, op Wy efficiency, turbine
N —_ ) work,
\[o% Vs : Al
1 —=, Btu/1b
e*
3
11565 . 1545 0 0.782 22.86
11075 1356 0 emmee ] e
10435 1295 L0 R e
9833 1185 10 L T
8853 1109 L T T W I ——"
6932 977 L e L
4944 955 O ] emmme ] eeeee
11533 .1623 . 0291 _ 794 22.13
11510 . 1625 0311 . . .786 22.06
11556 1618 .020L .804 22.45
11553 1585 .0150 797 22.33
11834 1566 . 0297 7178 23.85
11835 - 1664 .0298 .790 23.04
11846 1891l . .0295 792 22.70
11856 1746 .Q30L 793 22.31
12170 1697 .0291 - 757 23.74
12080 . 1755 Q0297 .788 23.15
12125 1815 0292 .781 22.74
12451 1832 .0287 L1687 23.82
12356 1910 . .0297 772 22.84
12429 1940 .0285 L7170 22.89
12659 1940 . 0284 . 760 23.49
12586 2000 o 0296 .T75 22.75
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Water-injection station

Ges flow — |

BN Lh'

%
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Figure 2. - Section of engine showing axisl location of water-injection
configuration investigated.
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Flgure 4. - Thermocouple positions on turbine rotor blades.
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Figure 5. - Typical experimental blade temperature distributions obtained atb
overspeed, overtempereture conditioms with a spray coolant-to-gas flow

ratio of 0.029.
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Figure 8. - Experimental blade failure encountered with spray cooling at
overspeed, overtemperature conditions. ot T -
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Spray-cooling-process efficlency, o
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Figure 7. - Spray-cooling efficlency of injection configuration employed
ae a function of cooling paremeter.
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Figure 8. - Comparison of allowsble blade-root stress with
and without spray cooling as determined from yield
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Corrected engine thrust, 1b
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Figure 9. - Uncooled engine performance.
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Corrected engine thrust, percent of rated
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Figure 10. -~ Englne thrust st overspeed, overtemperature
conditions with coolant-to-gas flow ratio of 0.029.
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Corrected specific fuel consumption,
percent of rated
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Flgure 11. - Englne corrected specific fuel consumption at
overspeed, overtemperature condltions with spray coolant-

to-gas flow ratio of 0.029.






